Quantum oscillations in the microwave magnetoabsorption of a 2D electron
  gas by Fedorych, O. M. et al.
ar
X
iv
:1
00
6.
03
19
v1
  [
co
nd
-m
at.
me
s-h
all
]  
2 J
un
 20
10
Quantum oscillations in the microwave magnetoabsorption of a 2D electron gas.
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We report on the experimental observation of the quantum oscillations in microwave magnetoab-
sorption of a high-mobility two-dimensional electron gas induced by Landau quantization. Using
original resonance-cavity technique, we observe two kinds of oscillations in the magnetoabsorption
originating from inter-Landau-level and intra-Landau-level transitions. The experimental observa-
tions are in full accordance with theoretical predictions. Presented theory also explains why similar
quantum oscillations are not observed in transmission and reflection experiments on high-mobility
structures despite of very strong effect of microwaves on the dc resistance in the same samples.
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Quantum oscillations in absorption (QMA) by a two-
dimensional electron gas (2DEG) in perpendicular mag-
netic field B, governed by the ratio ω/ωc of the wave fre-
quency ω = 2πfmw of external electro-magnetic wave and
the cyclotron frequency ωc = eB/mc, were predicted long
ago by Ando1 and observed experimentally2 in the IR-
absorption on a low-mobility and high-density 2DEG in
a Si-inversion layer. Recently, similar ω/ωc–oscillations
were discovered in the dc resistance of a high-mobility
2DEG irradiated by microwaves.3 Particularly intriguing
are zero-resistance states4 which develop in the minima of
these microwave-induced resistance oscillations (MIRO).
Theoretically, both MIRO (Refs. 5–7) and QMA
(Refs. 1,5–8) stem from microwave-assisted transitions
between disorder-broadened Landau levels (LLs). How-
ever, in experiments on high-mobility samples no QMA
were observed so far despite strong MIRO showing up in
the same experimental conditions. Several attempts to
measure microwave reflection or transmission simultane-
ously with MIRO reported either single cyclotron reso-
nance (CR) peak9–11 or more complex structure domi-
nated by confined magnetoplasmons (CMP).12–14
Using original resonance-cavity technique, in this work
we observe well-pronounced QMA in a high-mobility
GaAs/AlGaAs sample which also reveals strong MIRO
in dc transport measurements. For both the T -
independent QMA and dynamic Shubnikov-de Haas os-
cillations (SdHO), the experimental results fully agree
with the theoretical predictions of Ref. 5, which general-
izes theory1 of Ando for the case of smooth disorder po-
tential appropriate for high-mobility structures. In ad-
dition, we explain the failure to observe such quantum
oscillations in transmission and reflection experiments.
We start with a summary of relevant theoretical re-
sults which includes QMA theory5 for dynamic conduc-
tivity at high LLs and nonlinear relation between the
absorption and dynamic conductivity8,10,15 specific for
high-mobility 2DEG samples. Consider a plane wave
normally incident to the 2DEG at the interface z = 0
between two dielectrics with permittivity ǫ1 (z < 0) and
ǫ2 (z > 0). The electric field ReEl of external (l = e),
reflected (l = r), and transmitted (l = t) waves is a
real part of El = El exp(iklz − iωt)
∑
±
s
(l)
± e±, where the
wave numbers ke/
√
ǫ1 = −kr/√ǫ1 = kt/√ǫ2 = ω/c, co-
efficients s
(l)
± describe the polarization,
∑
±
|s(l)± |2 = 1,
and
√
2e± = ex ± iey. According to the Maxwell equa-
tions, boundary conditions at z = 0 read Et = Er + Ee
and ∂z(Et −Er −Ee) = (4π/c2) ∂t σˆEt. It follows that
√
ǫ1Ees(e)± /Ets(t)± =
√
ǫeff + 2πσ±/c, (1)
where 2
√
ǫeff =
√
ǫ1 +
√
ǫ2. Further, σ± = σxx ± iσyx
are the eigenvalues of the complex conductivity tensor
σˆ having the symmetries σxx = σyy and σxy = −σyx,
namely, σˆe± = σ±e±.
Equation (1) yields the absorption A, transmission T ,
and reflection R coefficients (see also Refs. 8,10,15),
A =
∑
±
√
ǫ1 |s(e)± |2
|√ǫeff + 2πσ±/c|2Re
4πσ±
c
, (2)
T =
∑
±
√
ǫ1ǫ2 |s(e)± |2
|√ǫeff + 2πσ±/c|2 , (3)
R =
∑
±
|s(e)± |2
∣∣∣∣
√
ǫ1 −√ǫ2 − 4πσ±/c√
ǫ1 +
√
ǫ2 + 4πσ±/c
∣∣∣∣
2
. (4)
It is important to mention that the dynamic conductivity
σ±, which is the focus of present study, is the response
to the screened electric field acting on 2D electrons. By
contrast, coefficients (2)–(4) represent a response to the
(unscreened) electric component of incoming wave and,
therefore, measure both single-particle (transport) and
collective (screening) properties of 2DEG.
The dynamical screening, represented by the denom-
inators in Eqs. (2)–(4), becomes particularly strong in
high-mobility structures where the ratio |2πσ±/c| reaches
values much larger than unity. Indeed, in the absence of
Landau quantization the conductivity σ± = σ
D
± is given
by the Drude formula,
σD± =
ne2/m
τ−1tr − i(ω ± ωc)
, (5)
2where τtr is the momentum relaxation time. The absorp-
tion, Eq. (2), takes the form
AD =
√
ǫ1
ǫeff
∑
±
|s(e)± |2
Ωτ−1tr
(Ω + τ−1tr )
2 + (ω ± ωc)2
, (6)
where ~Ω = 2αεF /
√
ǫeff , α = e
2/~c ≃ 1/137 is the
fine structure constant, and εF is the Fermi energy of
2DEG. In high-mobility 2DEG Ωτtr ≫ 1 and the width
of the cyclotron peak in Eqs. (2)–(4) and (6) is domi-
nated by strong reflection of microwaves. In the region
|ω−ωc| . Ω, where |2πσ−| ≫ c, the collective effects are
pronounced. In this region, a special care should be taken
to avoid the finite-size magnetoplasmon effects.12–14
According to Ref. 5 (which generalizes the results of
Ref. 1 for the relevant case of smooth disorder potential,
see also Refs. 7 and 8), Landau quantization at high LLs
modifies Drude formula to the form which we call the
quantum Drude formula (QDF) in what follows,
Reσ± =
ne2
ωm
∫
dε (fε − fε+ω) ν˜(ε) τ−1tr,B(ε+ ω)
[τ−2tr,B(ε) + τ
−2
tr,B(ε+ ω)]/2 + (ω ± ωc)2
,(7)
where fε is the Fermi distribution function. The Lan-
dau quantization leads to the oscillatory density of states
(DOS), ν(ε) = ν(ε + ωc) ≡ ν0ν˜(ε), and to renormaliza-
tion of the transport relaxation time, τtr,B(ε) ≡ τtr/ν˜(ε),
where ν0 = m/2π~
2 is the zero-B DOS per spin orienta-
tion. In the limit of strongly overlapping LLs, ωcτq ≪ 1,
where τq is the quantum relaxation time, the DOS is
weakly modulated by magnetic field,
ν˜(ε) = 1− 2δ cos 2πε
ωc
, δ = e−pi/ωcτq ≪ 1 . (8)
In the opposite limit ωcτq ≫ 1, LLs become separated,
ν˜(ε) = τqRe
√
Γ2 − (ε− εn)2, where Γ =
√
2ωc/πτq <
ωc/2 , and εn marks the position of the nearest LL.
At the CR ω = ωc, QDF (7) reads
σ−|ωc=ω = σD− |ωc=ω
∫
dεΘ[ν(ε)]
fε − fε+ω
ω
, (9)
where the integration is over the regions with ν(ε) > 0.
In the case of overlapping LLs, this produces the classical
Drude result σ− = σ
D
− meaning that quantum effects
in the vicinity of the resonance are absent. In the case
of separated LLs, ωc ≫ Γ, the conductivity is reduced,
σ−|ωc=ω = (2Γ/ωc)σD− . At the same time, the CR width
increases from τ−1tr to τ
−1
tr ωc/Γ.
5,16
In what follows we consider the region |ω− ωc| ≫ τ−1tr
where one can safely neglect τ−1tr in the denominator of
Eq. (6) and QDF, Eq. (7), which gives
A/AD =
∫
dε
fε − fε+ω
ω
ν˜(ε)ν˜(ε+ ω). (10)
Equation (10) is the key theoretical result for our study.
It expresses the imbalance between the rates of absorp-
tion and emission of the microwave quanta, both propor-
tional to the product of initial and final density of states.
FIG. 1: Magnetoabsorption calculated using Eqs. (10) and (6)
for two temperatures T =2 K and 0.5 K. Frequency fmw =60
GHz, density n = 1.8 · 1011cm−2, mobility µ = 107cm2/Vs,
and τq =15 ps. The difference between traces at T=0.5 K
and 2 K in the inset shows the T -dependent dynamic SdHO.
The screening properties of a 2DEG at |ω±ωc| ≫ τ−1tr are
solely determined by the non-dissipative part of conduc-
tivity, Imσ± ≃ ne2/m(ω ± ωc) ≫ Reσ±, which remains
finite at τ−1tr → 0. That is why the transmission and
reflection coefficients, Eqs. (3) and (4), in high-mobility
structures are almost independent of disorder scattering
making it very difficult to observe QMA in direct trans-
mission and reflection experiments.9–13
Magnetoabsorption at two temperatures T =2 K and
0.5 K as given by Eqs.(6) and (10) is illustrated in Fig. 1
for high-mobility 2DEG similar to best structures used
for MIRO measurements. The broadening of the en-
velope Drude peak (6) is dominated by strong reflec-
tion of microwaves near the CR since in our example
Ω ∼ ω ≫ τ−1tr . The Drude peak in Fig. 1 is modulated
by the dynamic SdHO (at ωc & ω and T =0.5 K) and by
the temperature-independent QMA with maxima at the
CR harmonics ω = Nωc, which we discuss below.
At low temperature, XT = 2π
2T/~ωc . 1, the absorp-
tion (10) manifests the dynamic SdHO, which in the case
of overlapping LLs (8) are given by
A/AD = 1− 4XT δ
sinhXT
ωc
2πω
sin
2πω
ωc
cos
2πε
ωc
. (11)
The dynamic SdHO are exponentially suppressed at
XT ≫ 1 similar to SdHO in the dc resistance. In the
inset it is clearly seen that the dynamic SdHO are peri-
odically modulated according to sin(2πω/ωc) with nodes
at the CR harmonics.
At e−XT ≪ δ, i.e. T ≫ TD = ~/2πτq, SdHO (11)
become exponentially smaller than T -independent ω/ωc-
oscillations of second order O(δ2) which represent QMA,
A/AD ≃ 〈ν˜(ε)ν˜(ε+ ω)〉 = 2δ2 cos 2πω
ωc
. (12)
3FIG. 2: MIRO measured on Sample 1 for fmw =67 GHz at
T=2K (inset), and the amplitude of MIRO vs. ω/ωc in semi-
log scale (main panel). The linear fit yields the quantum
scattering time τq = 9.1 ps, see Eqs. (13) and (8) .
Here the angular brackets denote ε–averaging over the
period ωc. Maxima of QMA seen in Fig. 1 appear at in-
teger harmonics of the CR ω/ωc = N . The amplitude of
QMA (12) becomes of order unity when the DOS modu-
lation is pronounced, i.e. δ ∼ 1.17
Since QMA lie in the microscopic origin of MIRO5, it
is instructive to compare the expression (12) to results
for MIRO in the same regime. For inelastic mechanism
of MIRO5,6, the photoresistivity ρph in terms of Drude
resistivity ρD reads
ρph
ρD
= 1 + 2δ2 − 4τinP
D
ω2ν0
δ2
2πω
ωc
sin
2πω
ωc
. (13)
where the microwave power dissipated in the absence of
Landau quantization is PD = AD√ǫ1cE2e/4π, and τin is
the inelastic relaxation time. Below we use Eq. (13) to
determine τq from dc measurement of MIRO. The known
value of τq enables a direct comparison of the measured
and calculated QMA [Eq. (12)] without fitting parame-
ters.
Experiment. Two rectangular samples were cleaved
from a single MBE-grown wafer of a high-mobility
GaAs/AlGaAs heterostructure V0050. After illumina-
tion with red light the electron concentration was n =
3.6 × 1011cm−2 and mobility µ = 5 × 106cm2/Vs. Sam-
ple 1 was prepared for dc transport measurements. In-
Sn Ohmic contacts were made by rapid annealing in re-
ducing atmosphere of argon bubbled through hydrochlo-
ric acid. The sample was placed in a helium cryostat
equipped with a superconducting magnet. Similar to
Refs. 10 and 12, microwaves from an HP source, model
E8257D, were delivered to the sample using Cu-Be coax-
ial cable terminated with a 3 mm antenna.
Inset in Fig. 2 shows dc resistance Rxx measured in
sample 1 at fmw =70 GHz and T =2 K which displays
well resolved MIRO. Main panel in Fig. 2 presents the
FIG. 3: Magneto-absorption measured on Sample 2 at T =2 K
for fmw =58.44 GHz (top curve) and absorption coefficient A
[Eqs. (10) and (6), bottom curve] calculated without fitting
parameters using τq = 9.1 ps determined from MIRO mea-
surements on Sample 1 (Fig. 2).
dependence of log10(∆Rxxωc/ω) vs. ω/ωc, where ∆Rxx
is the amplitude of MIRO measured between adjacent
peaks and dips. In accordance with Eq. (13) contain-
ing δ2 = exp(−2π/ωcτq), this dependence is linear. The
slope gives the quantum relaxation time τq =9.1 ps which
we use for calculation of QMA in sample 2.
Sample 2 was cleaved from the same wafer in vicinity
to sample 1. In order to reduce the CMP effects14,15,18,
which can obscure weak QMA oscillations under the in-
vestigation, we cleaved a narrow 0.5 mm × 1.5 mm rect-
angular stripe. The magneto-absorption experiment was
performed using a home-built microwave cavity setup at
liquid helium temperatures.19 The cavity with a tunable
resonance frequency had a cylindrical shape with 8 mm
diameter and the height between 3 and 8 mm adjustable
with a movable plunger. The cavity operated in TE011
mode, where {011} are the numbers of half-cycle varia-
tions in the angular, radial, and longitudinal directions,
respectively. The 2DEG stripe was placed at the bot-
tom of the cavity with the external magnetic field nor-
mal to the 2DEG plane and the microwave electric field
of the TE011 mode oriented along the short side of the
rectangular sample. The sample was placed in a “face
up” fashion such that the active 2DEG layer is separated
from the plunger surface by the substrate. This geome-
try has higher sensitivity to weak absorption signals such
as QMA but is not appropriate to study i.e. CMPs in
the vicinity of the CR due to cavity over-coupling effects.
To further improve sensitivity we measure the differential
signal with respect to magnetic field.
The top curve in Fig. 3 presents B dependence of
the second derivative of the measured absorption for
fmw =58.44 GHz whereas the bottom curve shows the
second B derivative of the absorption coefficient A, Eqs.
(6) and (10), calculated without fitting parameters using
4FIG. 4: QMA measured at different frequencies compared to
the theory [Eq. (12), parameters as in Fig. 3].
τq = 9.1 ps determined from MIRO measurements on
sample 1 (Fig. 2). Both curves demonstrate well resolved
QMA with maxima at harmonics of the CR and dynamic
SdHO with maxima determined by the position of the
chemical potential with respect to LLs. Clearly, the the-
ory reproduces the experimental trace in Fig. 3 quite well
everywhere except for the shaded region around the CR
where the signal is distorted due to the CMP absorption.
The dimensions of sample 2 were chosen to allow only one
CMP mode at B =0.092 T. The absence of higher modes
for fmw <63 GHz enabled the possibility to observe clear
quantum oscillations on both sides of the shaded region
where finite-size effects14,15,18 are not essential.
The low-field traces (ωc/ω < 1/2) of the magnetoab-
sorption are shown in Fig. 4 for several microwave fre-
quencies together with the function δ2 cos(2πω/ωc). The
phase and B damping of the observed QMA follow well
the theoretical dependence (12), without fitting param-
eters. We, therefore, believe that the observed oscilla-
tions are indeed QMA predicted in Refs. 1 and 5, which
provides an important experimental evidence supporting
the theory of MIRO5–7 based on inter-LL transitions. In
our sample, QMA are strongly damped [δ2 = 0.02 at
ωc = ω/2, ω/2π = fmw =58.44 GHz, and τq = 9.1 ps, see
Eq. (12)] which makes their observation difficult. We ex-
pect that much stronger QMA as well as dynamic SdHO
can be observed on samples with higher mobility (longer
τq), as simulated in Fig. 1, provided the CMP effects are
avoided or sufficiently reduced.
In summary, we have observed quantum magneto-
oscillations in the microwave absorption and dynamic
SdHO in a high mobility 2DEG. For this purpose we used
a sensitive high-Q cavity technique and developed a spe-
cial setup to avoid undesirable magnetoplasmon effects
masking the quantum oscillations. Using the quantum
Drude formula5 and the quantum relaxation time ex-
tracted from the MIRO measurements on the same wafer
we were able to reproduce the experimental results for
absorption without fitting parameters, which provides a
strong experimental support to the theory of MIRO and
QMA based on inter-LL transitions.
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